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Background: Exposure to arsenical compounds from natural or industrial sources 
is a global health problem which is associated with renal damage resulting from 
exposure to the parent arsenical or its metabolites. The metabolism of arsenicals 
plays a main role in their toxicity and previous studies have shown trivalent 
metabolites to be many folds more toxic than their pentavalent counterparts.  
Objectives: To investigate the toxicity and mode of cell death produced by the 
newly identified pentavalent metabolite, dimethylarsinothionic acid DMAS. 
Methods:  The toxicity and mode of cell death induced by DMAS was compared 
with other arsenicals in canine cocker kidney MDCK cells using the MTT (3(4,5-
dimethylthiazole-2-yl)-2-5- diphenyl tetrazolium bromide) cytotoxicity and DAPI 
(4'-6-diamidino-2-phenylindole) assays respectively. 
Results:  DMAS produced toxicity levels (IC50 35 µM) at both 24 and 48 hours 
which was much higher than those of pentavalent, but lower, yet comparable, to 
those of trivalent arsenicals. The toxicity of DMAS was reduced in a dose 
dependant manner in the presence of the reactive oxygen scavenger 
dimethylsulphoxide DMSO suggesting a role of reactive oxygen species or 
oxidative stress in its toxicity. The levels of apoptosis induced by DMAS in the 
MDCK cells were much higher than those induced by the other arsenical 
compounds which suggest the possible involvement of a different or more 
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profound mechanism in its toxicity.  
Conclusion: These results question the concept of valence dependant toxicity and 
suggest that other factors may influence arsenical induced toxicity such as 
functional groups or substitution of the arsenical compound in question.   




Arsenic is the most significant chemical pollutant in drinking water worldwide 
and one of the most hazardous substances to human health 
(1,2)
. Arsenical 
compounds are known to be cytotoxic, genotoxic as well as carcinogenic 
(2–4)
. 
They affect several organs, including the kidneys through both acute and chronic 




The cytotoxic effects of arsenical exposure have long been associated with the 
oxidation state or valence of arsenic 
(8)
. It has been shown that trivalent inorganic 
arsenicals are more cytotoxic than their  pentavalent counterparts and for a long 
time, the inorganic arsenites were thought to be the most toxic among all 
arsenicals 
(8,9)
. It was not until recently that studies showed that trivalent 
methylated organic arsenicals, which are products of arsenic biotransformation, 
are in fact more toxic than arsenites 
(8,10,11)
. In addition, studies have identified 
other metabolites of arsenic such as sulphur containing metabolites both in 
animals and humans 
(9,12,13)
. Since then, the focus has been mainly directed 
towards the investigation of these sulphur containing metabolites of arsenic as 
well as other newly discovered species of arsenic biotransformation 
(9,12,14–16)
.   
Arsenicals are mainly excreted via the kidneys, with DMA (dimethyl arsenic acid) 
being the major metabolite found in urine 
(17,18)
. The exact mechanisms of 
arsenical induced nephrotoxicity have proven difficult to assess. This can be 
partly explained by the diversity and unique toxicity of the different metabolites 
of arsenic 
(17–19)
. This study aims at investigating and comparing both the toxicity 
and mode of cell death induced by the newly identified sulphur containing 
metabolite dimethylarsinothionic acid DMAS with that of a number of arsenical 
compounds namely, sodium arsenite As
III
, sodium arsenate As
V




Gezira Journal of Health Sciences June 2020 Volume 16(1)________________ 







, sodium arsenite As
III





 were provided courtesy of Professor Jörg 
Feldmann, Department of Environmental and Analytical Chemistry, University of 
Aberdeen. The purity of all compounds (HPLC) was > 99% except for DMAS 
which was 86.7% (the remainder 13.3% was identified as DMA
V
). Fresh stock 
solutions were prepared by dissolving the desired weight in sterile deionised 
water, sterile filtration and dilution with growth medium to the required 
concentrations.    
Culture of MDCK cells: 
MDCK (Canine cocker spaniel distal tubular cells) were obtained from the cell 
line bank at the Department of Medicine and Therapeutics, Polworth building, 
University of Aberdeen. Cells were seeded in T75 cm
2
 flasks (Greiner Bio-one) at 




, and were maintained in Dulbecco's modified eagle's 
medium DMEM (Lonza) supplemented with 10% foetal bovine serum (Biosera) 
and 1% penicillin/streptomycin (Lonza), at 37˚C and 5% CO2 for 24 hours before 
subculture (80-90% confluence). 
MTT cytotoxicity assay: 
As described by Mosmann (20), MDCK cells were seeded in 96 well microtitre 




. After 24 hours the medium was 









 and left for 24 or 48 hours. Then 10 µL of MTT solution 
(Sigma Aldrich Inc.) were added and the cells reincubated for 3 hours. The 
medium was then removed and replaced with 100 µL of DMSO (dimethyl 
sulphoxide) and left for 20 minutes. Cell viability was measured as the absorbance 
at 490 nm using an Anthos HT III plate reader and expressed as a percentage of 
the control to determine the IC50. 
Effects of DMSO on cytotoxicity: 
MDCK cells were seeded in 96 well micro plates as described above and treated 
with the determined IC50 of each compound and incubated for 48 hours with 
increasing concentrations of DMSO (1, 1.5 and 2%). An MTT assay was then 
carried out to assess the effects of DMSO on the cytotoxicity of each arsenical 
compound. 
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Morphological determination of cell death mode: 




. After 24 hours, the cells were treated with a concentration equal to the 
determined IC50 of each compound and incubated for 48 hours. Cells were then 
harvested, centrifuged and suspended in 0.4% formaldehyde (Sigma Aldrich Inc.) 
allowing about 200 µL of formaldehyde for every one million cells. Nearly 0.5 
million cells were cytospun on microscope glass slides at 500 rpm for 5 minutes 
using a Shandon cytospin and slides were left for 10 minutes to dry. DAPI (4', 6-
Diamino-2-phenylindole) solution (Sigma Aldrich Inc.) was added drop wise to 
cover the cells and was left for 10 minutes allowing it to permeate the cells. 
Excess DAPI was then tapped off the slides and left to dry in the dark. 500 cells 
were counted per slide using an Olympus BX40 microscope with an Olympus U-
RFL-T fluorescent burner to determine the percentage of cells displaying 




Each experiment was performed three times using six replicates and the data was 
analysed using analysis of variance with Dunnett's post-test using Prism 5.0 
(Graph Pad Software Inc., San Diego, CA, USA). All results were expressed as 






Tested arsenical compounds inhibited the growth of MDCK cells in a dose 
dependant manner and significantly after 24 and 4h hours as shown in figures 1 
and 2 below. The respective IC50 values after 24 and 48 hour exposure to the 
different compounds were as follows; Arsenite (15 and 10 µM), Arsenate (125 
and 75 µM), DMA (> 6 and 3.8 mM) and DMAS (35 µM at both 24 and 48 
hours).  
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(A)  p < 0.01     (B) p < 0.01 
 
      (C) p < 0.01                 (D) p < 0.05 




 in 96 well flat bottom 
micro-titre plates and grown for 24 hours prior to administering varying 
concentrations of arsenicals for 24 hours after which toxicity was determined 
using the MTT assay.  A) Arsenite B) Arsenate C) DMAS D) DMA. Results are 
mean ± SEM (n=3, each with 6 replicates). 
Figure (1): Effects of 24 hour exposure to the different arsenical compounds 
on MDCK cells  
 
 
                                 (A) p < 0.01                                           (B) p < 0.01 
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                                (C) p < 0.01                                           (D) p < 0.01 




 in 96 well flat bottom 
micro-titre plates and grown for 24 hours prior to administering varying 
concentrations of arsenicals for 48 hours after which toxicity was determined 
using the MTT assay.  A) Arsenite B) Arsenate C) DMAS D) DMA. Results are 
mean ± SEM (n=3, each with 6 replicates). 
Figure (2): Effects of 48 hour exposure to the different arsenical compounds 
on MDCK cells 
 
Effects of DMSO on cytotoxicity: 
To assess the role of ROS (reactive oxygen species) in cell death induced by 
arsenicals, MDCK cells were treated with the IC50 of the respective arsenicals 
with increasing concentrations (1, 1.5 and 2%) of the ROS scavenger DMSO. 
Viable cell counts increased in a dose dependant manner upon increasing the 
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     (C)                    (D) 
A) Arsenite B) Arsenate C) DMAS D) DMA. Results are mean ± SEM (n=1, with 6 
replicates in each experiment).  




All arsenicals seemed to induce apoptotic cell death in MDCK cells. DMA, 
arsenate and arsenite were found to cause similar levels of apoptosis ranging 
between 30-40%. On the other hand DMAS seemed to cause much higher levels 
of apoptosis with 80% of counted cells showing morphological features 
characteristic of apoptosis. The proportions of apoptosis caused by the different 
compounds are illustrated in figure 4.  
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% apoptosis 
% viable cells 
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 cells /ml 
Figure (4): The percentage of apoptosis in MDCK cells produced by the IC50 
concentration of the different arsenicals compared to control 
 
Discussion: 
Until recently, trivalent arsenites and methylated arsenicals were believed to be 
the only products of the biotransformation of inorganic arsenicals 
(9,19)
. Recent 
studies have determined the excretion of sulphur containing arsenicals by 
mammals, including humans chronically exposed to the different arsenical 
compounds 
(9,12)
. These have not been previously proposed as products of arsenic 
biotransformation and very little is known of their toxicity. Their contribution to 
the over all toxicity and carcinogenicity of arsenicals in humans and laboratory 
animals remains an area for research.  
Previous work comparing the cytotoxicities of the different arsenical compounds 
has resulted in the general agreement that the toxicity of arsenicals is likely to be a 
function of their oxidation state rather than their substitution status with entities 
such as methyl or thiol groups. Thus, trivalent arsenicals (both inorganic and 
methylated) have been shown to be highly more toxic than pentavalent ones 
(8,11)
. 
However, results from our study suggest this might not be entirely true. These 





 and Moe et al 
(16)
 which demonstrated the toxicity of DMAS to be higher 
than that of arsenite.  
In this study, the acute effects of different arsenicals on viable cell numbers were 
examined in canine kidney cells, since the kidneys are the main site of excretion 
(18,19)
 and an important target for arsenical induced toxicity 
(7,17)
. The toxicity 
profile of the pentavalent sulphur containing arsenical, dimethylarsinothionic acid 
(DMAS) was demonstrated in comparison to those of a trivalent inorganic 
arsenical (sodium arsenite), a pentavalent inorganic arsenical (sodium arsenate), 
and a pentavalent methylated arsenical (DMA) in a canine kidney cell line.  
Although DMAS is a pentavalent arsenical, our findings regarding its toxicity 
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question the concept that the relative toxicity of arsenicals is likely to be a 
function of their oxidation state and less dependent on their substitution status as 
suggested by Vega et al 
(11)
 who suggested that trivalent arsenicals are taken up 
and retained by cells better than their pentavalent counterparts. The ionization 
pattern of As
V
 in neutral pH and the presence of competing oxyanions such as 
phosphates in the medium have been postulated as some of the reasons for the 
lower toxicity of pentavalent arsenical species compared to those of trivalent ones 
(8,11)
. We have demonstrated through our experiments that the toxicity of DMAS is 
more comparable to that of the trivalent inorganic arsenical sodium arsenite As
III
 




 in MDCK cells.  
Comparing the toxicity of DMA to that of its sulphur substituted derivative 
DMAS in this study shows an enormous difference in their toxicity. The higher 
toxicity of DMAS can be partly attributed to the high reactivity of this compound. 
Previous work investigating the effects of glutathione on the toxicity of 
diphenylarsinic acid (a degradation product of diphenylcyanoarsine and 
diphenylchloroarsine, both used in chemical weapons) has demonstrated increased 
toxicity upon sulfhydril substitution of this compound as a result of glutathione 
adducts formation 
(21)
. This is similar to our findings which showed almost a 
hundred fold difference in the relative toxicity of DMAS compared to DMA. This 
might be an area for further investigation of the comparative toxicity and uptake 
of DMAS and DMA. 
Recent evidence regarding the mechanisms of arsenicals induced cell death 
suggests that arsenic exposure is accompanied with perturbation of the 
intracellular redox equilibrium resulting in the development of oxidative stress 
(11,22,23)
. Exposure to relatively low concentrations of arsenicals has been 
associated with increased production of reactive oxygen species in rodent 
keratinocytes and porcine vascular endothelial cells 
(24,25)
. Addition of 
antioxidants such as N-acetylcysteine or free radical scavengers such as dimethyl 
sulphoxide can reduce arsenite induced toxicity in several of these systems 
(25)
. 
DMSO has been used as a reference for reactive oxygen species scavengers' 
identification  
(22,23)
. This study has also demonstrated such a capability of DMSO 
to attenuate arsenical induced toxicity in kidney cells. This further supports the 
evidence suggesting that oxidative stress may be one of the mechanisms through 
which arsenicals exert their toxic effects. Our results indicated a lower level of 
protection by DMSO when cells were treated with DMAS or As
V
. This could 
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suggest the involvement of mechanisms other than ROS production as their main 
mechanism of toxicity. Yet, a more likely explanation would be that ROS 
production is much higher with these two compounds which might have limited 
the ability of DMSO to protect the cells. Confirmation of this requires 
investigating the rate and amount of ROS produced upon treatment with these 
compounds. 
In conclusion, DMAS seemed to be of considerable toxicity compared to other 
profoundly toxic arsenical species. It appeared to produce its toxic effects at least 
in part through the production of reactive oxygen species which seems a common 
mechanism of action among arsenical compounds. Yet, it seemed to induce more 
profound degrees of apoptosis revealed by the DAPI staining assay. 
 
Acknowledgements: 
The authors would like to thank Professor Jörg Feldman and Dr Carol Alderson from the 
University of Aberdeen for providing the arsenic compounds and the cell lines as well as their 
invaluable discussions. They would also like to thank the entire staff at the polyamine laboratory, 
School of life sciences and medicine, University of Aberdeen for making their work possible.   
References:   
1.  Gebel TW. Genotoxicity of arsenical compounds. Int J Hyg Environ Health 
[Internet]. 2001;203(3):249–62. Available from:  
http://www.sciencedirect.com/science/article/pii/S143846390470036X 
2.  World Health Organisation. Fact sheet on Arsenic [Internet]. Fact sheet on arsenic. 
2020 [cited 2020 Apr 10]. Available from: https://www.who.int/news-room/fac-
sheets/detail/arsenic 
3.  Andrewes P, DeMarini DM, Funasaka K, Wallace K, Lai VWM, Sun H, et al. Do 
Arsenosugars Pose a Risk to Human Health? The Comparative Toxicities of a 
Trivalent and Pentavalent Arsenosugar. Environ Sci Technol [Internet]. 2004 Aug 
1;38(15):4140–8. Available from: https://doi.org/10.1021/es035440f 
4.  Mass MJ, Tennant A, Roop BC, Cullen WR, Styblo M, Thomas DJ, et al. 
Methylated Trivalent Arsenic Species Are Genotoxic. Chem Res Toxicol 
[Internet]. 2001 Apr 1;14(4):355–61. Available from: 
https://doi.org/10.1021/tx000251l 
5.  Chakraborti D, Rahman MM, Paul K, Chowdhury UK, Sengupta MK, Lodh D, et 
al. Arsenic calamity in the Indian subcontinent: What lessons have been learned? 
Talanta [Internet]. 2002;58(1):3–22. Available from: 
http://www.sciencedirect.com/science/article/pii/S0039914002002709 
6.  Antman KH. Introduction: The History of Arsenic Trioxide in Cancer Therapy. 
Oncologist [Internet]. 2001 Apr;6(S2):1–2. Available from: 
https://onlinelibrary.wiley.com/doi/abs/10.1634/theoncologist.6-suppl_2-1 
Gezira Journal of Health Sciences June 2020 Volume 16(1)________________ 
Gezira Journal of Health Sciences June 2020 Volume 16(1)  31 
 
 
7.  Morales KH, Ryan L, Kuo TL, Wu MM, Chen CJ. Risk of internal cancers from 
arsenic in drinking water. Environ Health Perspect [Internet]. 2000 Jul 
1;108(7):655–61. Available from: https://doi.org/10.1289/ehp.00108655 
8.  Styblo M, Del Razo LM, Vega L, Germolec DR, LeCluyse EL, Hamilton GA, et 
al. Comparative toxicity of trivalent and pentavalent inorganic and methylated 
arsenicals in rat and human cells. Arch Toxicol [Internet]. 2000 Aug 
18;74(6):289–99. Available from: https://doi.org/10.1007/s002040000134 
9.  Hansen HR, Raab A, Jaspars M, Milne BF, Feldmann J. Sulfur-Containing 
Arsenical Mistaken for Dimethylarsinous Acid [DMA(III)] and Identified as a 
Natural Metabolite in Urine:   Major Implications for Studies on Arsenic 
Metabolism and Toxicity. Chem Res Toxicol [Internet]. 2004 Aug 1;17(8):1086–
91. Available from: https://doi.org/10.1021/tx049978q 
10.  Petrick JS, Ayala-Fierro F, Cullen WR, Carter DE, Vasken Aposhian H. 
Monomethylarsonous Acid (MMAIII) Is More Toxic Than Arsenite in Chang 
Human Hepatocytes. Toxicol Appl Pharmacol [Internet]. 2000;163(2):203–7. 
Available from: 
http://www.sciencedirect.com/science/article/pii/S0041008X99988725 
11.  Vega L, Styblo M, Patterson R, Cullen W, Wang C, Germolec D. Differential 
Effects of Trivalent and Pentavalent Arsenicals on Cell Proliferation and Cytokine 
Secretion in Normal Human Epidermal Keratinocytes. Toxicol Appl Pharmacol 
[Internet]. 2001;172(3):225–32. Available from: 
http://www.sciencedirect.com/science/article/pii/S0041008X01991525 
12.  Hansen HR, Pickford R, Thomas-Oates J, Jaspars M, Feldmann J. 2-
Dimethylarsinothioyl Acetic Acid Identified in a Biological Sample: The First 
Occurrence of a Mammalian Arsinothioyl Metabolite. Angew Chemie Int Ed 
[Internet]. 2004 Jan 5;43(3):337–40. Available from: 
https://doi.org/10.1002/anie.200352740 
13.  Raab A, Feldmann J. Arsenic speciation in hair extracts. Anal Bioanal Chem 
[Internet]. 2005 Jan 31;381(2):332–8. Available from: 
http://link.springer.com/10.1007/s00216-004-2796-6 
14.  Leffers L, Ebert F, Taleshi MS, Francesconi KA, Schwerdtle T. In vitro 
toxicological characterization of two arsenosugars and their metabolites. Mol Nutr 
Food Res [Internet]. 2013 Jul;57(7):1270–82. Available from: 
http://doi.wiley.com/10.1002/mnfr.201200821 
15.  Bartel M, Ebert F, Leffers L, Karst U, Schwerdtle T. Toxicological 
Characterization of the Inorganic and Organic Arsenic Metabolite Thio- <math> 
<mrow> <msup> <mrow> <mtext>DMA</mtext> </mrow> <mtext>V</mtext> 
</msup> </mrow> </math> in Cultured Human Lung Cells. J Toxicol [Internet]. 
2011;2011(December 2014):1–9. Available from: 
http://www.hindawi.com/journals/jt/2011/373141/ 
16.  Moe B, Peng H, Lu X, Chen B, Chen LWL, Gabos S, et al. Comparative 
cytotoxicity of fourteen trivalent and pentavalent arsenic species determined using 
real-time cell sensing. J Environ Sci [Internet]. 2016 Nov;49:113–24. Available 
Gezira Journal of Health Sciences June 2020 Volume 16(1)________________ 




17.  Madden EF, Fowler BA. MECHANISMS OF NEPHROTOXICITY FROM 
METAL COMBINATIONS: A REVIEW. Drug Chem Toxicol [Internet]. 2000 
Jan 1;23(1):1–12. Available from: https://doi.org/10.1081/DCT-100100098 
18.  Le XC, Ma M, Cullen WR, Aposhian HV, Lu X, Zheng B. Determination of 
monomethylarsonous acid, a key arsenic methylation intermediate, in human 
urine. Environ Health Perspect [Internet]. 2000 Nov;108(11):1015–8. Available 
from: https://ehp.niehs.nih.gov/doi/10.1289/ehp.001081015 
19.  Vasken Aposhian H, Zakharyan RA, Avram MD, Sampayo-Reyes A, Wollenberg 
ML. A review of the enzymology of arsenic metabolism and a new potential role 
of hydrogen peroxide in the detoxication of the trivalent arsenic species. Toxicol 
Appl Pharmacol [Internet]. 2004;198(3):327–35. Available from: 
http://www.sciencedirect.com/science/article/pii/S0041008X04000705 
20.  Mosmann T. Rapid colorimetric assay for cellular growth and survival: 
Application to proliferation and cytotoxicity assays. J Immunol Methods 
[Internet]. 1983 Dec;65(1–2):55–63. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/0022175983903034 
21.  Ochi T, Kinoshita K, Suzuki T, Miyazaki K, Noguchi A, Kaise T. The role of 
glutathione on the cytotoxic effects and cellular uptake of diphenylarsinic acid, a 
degradation product of chemical warfare agents. Arch Toxicol [Internet]. 
2006;80(8):486–91. Available from: https://doi.org/10.1007/s00204-006-0067-3 
22.  Pérez-Pastén R, Martínez-Galero E, Garduño-Siciliano L, Lara IC, Cevallos GC. 
Effects of dimethylsulphoxide on mice arsenite-induced dysmorphogenesis in 
embryo culture and cytotoxicity in embryo cells. Toxicol Lett [Internet]. 
2006;161(3):167–73. Available from: 
http://www.sciencedirect.com/science/article/pii/S0378427405002687 
23.  Ding W, Hudson LG, Liu KJ. Inorganic arsenic compounds cause oxidative 
damage to DNA and protein by inducing ROS and RNS generation in human 
keratinocytes. Mol Cell Biochem [Internet]. 2005;279(1):105–12. Available from: 
https://doi.org/10.1007/s11010-005-8227-y 
24.  Corsini E, Asti L, Viviani B, Marinovich M, Galli CL. Sodium Arsenate Induces 
Overproduction of Interleukin-1α in Murine Keratinocytes: Role of Mitochondria. 
J Invest Dermatol [Internet]. 1999;113(5):760–5. Available from: 
http://www.sciencedirect.com/science/article/pii/S0022202X15406487 
25.  Barchowsky A, Klei LR, Dudek EJ, Swartz HM, James PE. Stimulation of 
reactive oxygen, but not reactive nitrogen species, in vascular endothelial cells 
exposed to low levels of arsenite. Free Radic Biol Med [Internet]. 
1999;27(11):1405–12. Available from: 
http://www.sciencedirect.com/science/article/pii/S0891584999001860 
